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In the search of material properties out-of-equilibrium, the non-equilibrium steady states induced by electric
current are an appealing research direction where unconventional states may emerge. However, the unavoid-
able Joule heating caused by flowing current calls for the development of new measurement protocols, with a
particular attention to the physical properties of the background materials involved. Here, we demonstrate
that localised heating can give rise to a large, spurious diamagnetic-like signal. This occurs due to the local
reduction of the background magnetisation caused by the heated sample, provided that the background mate-
rial has a Curie-like susceptibility. Our experimental results, along with numerical calculations, constitute an
important building block for performing accurate magnetic measurements under the flow of electric current.
Controlling the physical properties of quantum ma-
terials by external parameters constitutes a fundamen-
tal basis of modern condensed matter physics1–7. Re-
cent experiments involving non-equilibrium conditions in
strongly correlated compounds sparked interest in the
scientific community, with the appeal to uncover un-
precedented material properties8–11. In this regard, non-
equilibrium steady states triggered by an electric cur-
rent are particularly appealing for integrated electron-
ics, with the reported emergence of exotic electronic and
magnetic states12–15. Several works by independent re-
search groups recently focused on the non-equilibrium
steady states in single-crystal ruthenates16–19.
Measuring materials out of thermodynamic equilib-
rium requires the development of new techniques and
measurement protocols20,21. This is an exceptionally
challenging task when performing magnetic measure-
ments at low temperatures because Joule heating be-
comes a crucial issue. For this reason, it is necessary
to use additional components that enhance the sample
cooling but at the same time provide minimal magnetic
background. In general, magnetic differential measure-
ments, such as the ones performed with a magnetome-
ter equipped with a vibrating sample or a supercon-
ducting quantum interference device (SQUID), cancel
the background contribution of spatially homogeneous
materials22,23. However, intense heating due to the Joule
effect can locally alter the background material proper-
ties, possibly leading to unexpected results.
In this Letter, we report the insurgence of a strong
diamagnetic-like signal arising from a paramagnetic ma-
terial subjected to localised heating. We first explic-
itly demonstrate how diamagnetic-like signals can ap-
pear by considering a spatially inhomogeneous mass pro-
file, where a position-dependent magnetisation emerges.
We then describe our main result: a diamagnetic-like
signal can emerge due to localised heating of any back-
ground material whose magnetic susceptibility increases
with lowering temperature. We find that these extrinsic
effects account for the main part of the diamagnetic sig-
nals previously reported in Refs.24,25, where their origin
was misinterpreted. The effect presented in the follow-
ing potentially appears in several techniques of magnetic
differential measurement (Fig. S1). Our results give im-
portant guidelines to study magnetic properties in non-
equilibrium steady states induced by electric currents.
In the present work, we focus on the specific case of a
bulk SQUID magnetometer by using the Magnetic Prop-
erties Measurement System (MPMS) by Quantum De-
sign, a common instrument to study magnetic materials.
A SQUID magnetometer measures the magnetisation by
scanning the sample up and down through its highly bal-
anced second-derivative coil set (Fig. 1a). When a mag-
netic sample is moved through such coils, the change of
the enclosed magnetic flux is detected by the coupled
SQUID as a voltage. Assuming a point-like magnetic
sample whose position x is scanned through the coils,
the signal is given by23
VSQUID, pt(x) = CcalCrangeµtot
[
2√
[R2 + x2]3
− 1√
[R2 + (x− λ)2]3 −
1√
[R2 + (x+ λ)2]3
+mx+ q
]
, (1)
with instrument calibration constant Ccal, selected mag-
netisation range Crange, total sample magnetisation µtot,
a)Electronic mail: mattoni@scphys.kyoto-u.ac.jp
radius of the coils R, their distance λ, and a possible
voltage drift mx+ q (values for our SQUID magnetome-
ter are given in the Supplementary Material). The sam-
ple is measured in a low-pressure helium environment
(about 0.1 mbar), and its temperature is controlled by
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FIG. 1. Description of the experimental setup. (a)
Schematics of the measurement geometry used in a bulk
SQUID magnetometer. The blue curve shows the typical
magnetic signal as a function of sample position. (b) Com-
mon sample holder made of a plastic straw with a palladium-
foil sample, which is mechanically-suspended. (c) Home-made
FR-4 glass epoxy sample holder for measurements with elec-
trical current. The close-up photo shows the copper wires
glued on the holder surface, the sample, and three tem-
perature sensors placed at different distances. (d) Temper-
ature dependence of the volume susceptibility of FR-4 at
Bext = 1 T. The trend has a strong upturn at low tempera-
ture and is well-fit by the Curie–Weiss law of Eq. (2).
heating/cooling the walls of the sample space that are
controlled by a built-in thermometer. We use this ther-
mometer to readout the refigerator temperature that is
presented in the following.
Since it is important to minimise background magnetic
signals, the most-common sample holder for SQUID mag-
netometers consists of a thin plastic straw where the sam-
ple is mechanically fixed, if possible without the use of
any glue (Fig. 1b). The straw is much longer than the
3 cm distance between the coils, so that it provides an
ideal homogeneous background. However, for measure-
ments with a current flowing in the sample this simple
design cannot be used for three main reasons: (1) wires
are necessary to provide electrical contact to the sample,
(2) it is necessary to carry away the heat generated in
the sample, and (3) a thermometer is required to accu-
rately read the sample temperature. For these reasons,
it is necessary to introduce an additional material that
works as a sample holder. In Fig. 1c we show the sample
holder that was previously designed for the experiments
in Refs.24,25. The holder is made of the glass epoxy FR-4,
a readily available material which is often used for printed
circuit boards (PCBs). We chose this material because
it has a good mechanical stability, necessary to support
the sample while it is moved through the coil set, and
it is rather simple to machine accurately, thus allowing
to build a sample holder with a well-defined geometry.
A strip of insulated copper wires is glued on the FR-4
surface in order to homogenize the temperature distri-
bution, while minimising heating effects due to possible
Eddy currents.
We study the magnetic properties of the FR-4 mate-
rial by cutting a small piece (53 mg) and measuring it
in the straw sample holder. We present in Fig. 1d the
temperature dependence of the magnetic susceptibility
calculated as χ(T ) = µ0ρmBextµtot(T ), with vacuum per-
meability µ0, sample density ρ, mass m, and applied
magnetic field Bext. For the whole data presented in
the main text, we fix Bext = 1 T (additional character-
isation for different values of Bext in Fig. S2). As ex-
pected for a plastic, the material is weakly diamagnetic
at room temperature with χ ∼ −4× 10−6 (for reference,
χ = 1 [SI] = 14pi emu/cm
3
[cgs]). Upon cooling, the mate-
rial becomes paramagnetic below about 170 K, and shows
a strong upturn at low temperature. We fit this experi-
mental trend with the Curie–Weiss law
χ(T ) =
C
T − TCW + χ∞. (2)
The fit (black dashed line in Fig. 1d) shows good agree-
ment with the experimental data. We find as optimal
parameters C = 1.67× 10−3 K, TCW = −1.2 K, and
χ∞ = −9.8× 10−6, with the value of C comparable to
the one previously reported for glass epoxy26. The in-
creasing trend of χ(T ) for lowering temperatures indi-
cates that heating can decrease the FR-4 magnetisation,
at any temperature. We investigate in the following what
are the implications of local temperature changes.
To this goal, we first explicitly show the magnetic sig-
nal of a material with a controlled inhomogeneity by us-
ing a palladium (Pd) foil as reference. Pieces of this foil
are measured at room temperature (T = 300 K) in the
straw sample holder of Fig. 1b. We show in Fig. 2a the
raw SQUID signal of a 0.4 cm Pd piece, which shows a
paramagnetic response. It is possible to numerically cal-
culate the signal of a magnetic sample, with a position-
dependent magnetic moment µ(x′), by computing over
the material length L the convolution integral
VSQUID(x) =
∫
L
µ(x′)
µtot
VSQUID, pt(x− x′)dx′. (3)
Using this equation, we calculate in Fig. 2b the signal
expected from the Pd piece, finding a result compatible
with the experiment. In the calculation, the Pd foil is
treated as a monodimensional segment, a reasonable ap-
proximation due to the symmetry of this experimental
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FIG. 2. Magnetic signal of an inhomogeneous palla-
dium ribbon. Experimental measurements at T = 300 K,
Bext = 1 T of a Pd foil (thickness 50µm, width 0.8 cm) in the
shape of: (a) a 0.4 cm piece, (c) a 9 cm ribbon, (e) and the
same ribbon with a wedge cut. (b), (d), and (f) are a numer-
ical calculation of the data in the left column obtained with
Eq. (3).
configuration. In Fig. 2c, we show the SQUID signal of a
homogeneous Pd ribbon of length 9 cm. The signal shows
a rather flat region of about 4 cm around the centre and
two peaks 7 cm apart. We calculate in Fig. 2d the signal
of the Pd ribbon by using Eq. (3), and find again good
agreement with the experimental data in Fig. 2c, apart
from some small deviations probably related to imperfec-
tions of the Pd foil.
To display the magnetic signal of a controlled inhomo-
geneity, we now remove a small part of the Pd ribbon by
a wedge cut. The cut is about 0.5 cm in length and it al-
lows to locally reduce the mass, while mechanically keep-
ing the material as one piece. As shown in Fig. 2e, the
wedge cut produces a dip in VSQUID at about x = 4 cm,
while the rest of the signal remains pretty much unal-
tered (blue dashed line for reference). The observed dip
resembles the signal of a diamagnetic material placed at
x = 4 cm, even though there is no diamagnetic mate-
rial here (Pd is paramagnetic). This occurs because the
SQUID magnetometer detects the contrast of magnetisa-
tion between one point and its surroundings. We calcu-
late this effect with Eq. (3) by considering a Pd ribbon
with a small gap in the middle. Even if this configuration
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FIG. 3. Temperature dependence of the magnetic sig-
nal of two Pd samples. (a) SQUID voltage for the Pd piece
and (b) the wedge-cut Pd ribbon as a function of temperature
at Bext = 1 T. (c) Volume susceptibility obtained by fitting
the SQUID signals in panels (a) and (b).
is slightly different from the experimental one, it remains
simple enough to demonstrate the nature of the effect.
The signals calculated for different gap sizes are shown
in Fig. 2f, where the values of the removed masses are
indicated. When the mass of the gap corresponds to the
one of the wedge cut (−5 mg), the experimental and the
calculated data resemble each other, confirming that the
diamagnetic-like dip can be generated by the controlled
inhomogeneity in the paramagnetic material.
We now study the temperature dependence of the mag-
netic signal of the Pd samples of Figs. 2a and 2e. We
extract µ by fitting with Eq. (1) a portion of 4 cm of
VSQUID around the sample position at different temper-
atures. The peak-like shape in Fig. 3a increases in mag-
nitude upon cooling, indicating an increase in param-
agnetic signal. The small shift of the peak position to
the left is due to the thermal shrinkage of the holder
components upon cooling. We extract the correspond-
ing volume susceptibility χ(T ) in Fig. 3c, finding good
agreement with previous reports on Pd27. The dip-like
shape produced by the wedge-cut ribbon in Fig. 3b, in-
stead, is well-fit as a diamagnetic signal. We extract the
corresponding χ(T ) in Fig. 3c by using the mass removed
from the wedge cut as the “sample mass”. The resulting
curve has essentially the same shape and magnitude of
the Pd piece, but with opposite sign. This means that
the magnetisation of the hole left by the removed part
of a paramagnetic material behaves as its opposite, that
is like a diamagnetic material. This observation can be
generalised to state that a magnetic inhomogeneity in a
certain material, which locally reduces its magnetisation,
produces a diamagnetic-like signal.
We now move on to the main part of this Letter to
show how a diamagnetic-like signal can be produced by
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FIG. 4. Diamagnetic-like response from localised heating of the FR-4 material. (a) Photograph of the FR-4 sample
holder with a 1.8 kΩ RuO2 resistor to which a continuous electrical power P is supplied. (b) Schematic of the material used
for the numerical calculation, where a region of 1 cm is heated up by ∆T . (c) SQUID signal at T = 30 K and Bext = 1 T for
different values of P and (d) “magnetic moment” obtained by a 4 cm fit (dashed black line) of VSQUID. (e) and (f) are the
corresponding numerical calculations of the locally-heated FR-4 material for different values of ∆T . (g) Experimental and (h)
calculated temperature dependence of the magnetic signal caused by localised heating.
localised heating of a background material. We demon-
strate the effect by using as a test background mate-
rial the FR-4 sample holder that was previously devel-
oped in Refs.24,25 (the signal of the holder alone is shown
in Fig. S3). We use a commercial RuO2 resistor (sur-
face mount device, size 0.5 mm× 1 mm) to provide a lo-
cal electrical power P by means of a continuous current
(Fig. 4a). To make the magnetic signal from the resis-
tor mostly negligible in the performed measurements, we
mechanically remove the original contact pads and use
Ag epoxy to provide electrical contact (Fig. S4). This
treatment reduced the magnetisation of the resistor by
more than 50 times. As shown in Fig. 4c, at T = 30 K
the electric power supplied to the resistor progressively
changes VSQUID from a peak (paramagnetic-like) to a
dip (diamagnetic-like). The maximum power used here
is comparable to what used in previous experiments on
current-induced non-equilibrium steady states, where it
was shown that the resulting heating strongly depends on
the sample cooling conditions21. By fitting the curves,
we extract the corresponding “magnetic moment” µ in
Fig. 4d, which becomes more negative with increasing
power (for reference, µ = 10−3 A m2 [SI] = 1 emu [cgs]).
We show in Fig. S5 that this change is localised around
the position of the resistor and it is independent of the
sign of the supplied current.
To better understand the nature of this observed ef-
fect, we take into account a simple model of a spatially
homogeneous FR-4 material at a temperature T = 30 K.
We consider a central region to be heated to a tempera-
ture T + ∆T , decreasing its magnetisation. Even though
actual distributions of temperature may follow a profile
smoother than this abrupt step function, this model is
simple enough to demonstrate the effects of heating. By
using Eq. (3) and the χ(T ) from Fig. 1d, we numeri-
cally calculate VSQUID (Fig. 4e) and the corresponding
“magnetic moment” (Fig. 4f) for different values of ∆T .
The results of this calculation are comparable to the ex-
perimental data, showing an increasing diamagnetic-like
signal for larger values of ∆T . We show in Fig. S6 that
the experimental and calculated data are in analogous
agreement also for other selected temperatures.
Finally, we experimentally measure in Fig. 4g the tem-
perature dependence of the “magnetic moment” gener-
ated by different values of electric power through the re-
sistor. Above 100 K, the curves are flat, consistent with
the rather flat temperature dependence of the FR-4 χ(T )
(Fig. 1d). At lower temperatures, a strong diamagnetic-
like response is measured even at the smallest applied
power. We note that the curves here are limited by the
cooling power of our measurement system, so that it is
not possible to reach the base temperature of 2 K in the
presence of large Joule heating. We numerically calculate
the temperature dependence of the “magnetic moment”
of the locally heated FR-4 in Fig. 4h, and find that even
for a ∆T as small as 1 K, a large diamagnetic-like sig-
nal appears at low temperatures. The data is in remark-
able agreement with the experimental curves, supporting
5the interpretation that the observed diamagnetic-like re-
sponse is caused by localised heating of the background
material. On leaving this paragraph, we should empha-
sise that the results presented here are not specific to FR-
4, but apply to most materials, provided that their χ(T )
increases at low temperatures26. If the studied magnetic
signal is very small, even common background materials
such as fused silica, copper, or other plastics can give rise
to spurious diamagnetic-like signals.
An important consequence of this work is the reinter-
pretation of the strong diamagnetic-like signals reported
in Refs.24,25 to be due to a spurious origin. As we show
in the preliminary data of Fig. S7, where only a poor
sample cooling is provided, the magnitude of Ca2RuO4
magnetisation is only weakly affected by applied current
when a sample holder with small magnetic signal is used.
To conclude, low-temperature magnetic measurements
of highly resistive materials in current-induced non-
equilibrium steady states require particular care in the
experimental design. This applies to bulk SQUID mag-
netometry and also to other techniques for differential
magnetic measurements. It is crucial to carefully regu-
late the heat dissipation, to achieve proper sample cool-
ing, and at the same time to avoid localised heating. If
these conditions are not met, localised heating of back-
ground materials can create spurious signals having mag-
nitude comparable or even greater than the sample under
consideration. This work is an important step towards
obtaining accurate magnetic measurements of materials
under applied electrical current.
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7SUPPLEMENTARY MATERIAL
Appendix A: Parameters used in EQ. (1) for our SQUID magnetometer (Quantum Design MPMS XL).
Ccal = 0.198 V
−1 (S1)
Crange = 0.025× 10−3 A m2 (S2)
R = 0.97 cm (S3)
λ = 1.519 cm (S4)
Appendix B: Supplementary figures.
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FIG. S2. Magnetic properties of FR-4 glass epoxy as a function of magnetic field. (a) Magnetic moment of a
53 mg piece of glass epoxy and (b) corresponding volume susceptibility both measured at T = 4 K. The curves saturate with
increasing magnetic field, as expected from a paramagnetic material at low temperatures. Data for the high-to-low (blue) and
low-to-high (orange) magnetic field sweeps overlap, indicating the absence of remnant magnetisation.
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FIG. S3. Magnetic signal of the home-made sample holder for different temperatures. (a) Photograph of the FR-4
glass epoxy sample holder. The photo is aligned with the x-axis of the graphs right below. (b) Experimental SQUID response
at different temperatures. The vertical dotted lines indicate the edges of the sample-holder part with constant cross-section,
designed to host the sample. The broad scans are obtained by stitching together several scans of 8 cm in length and are limited
on the left side by the end of stroke of the measurement system. (c) Numerical calculation of the signal based on the real
sample holder geometry and a homogeneous FR-4 material. The data correctly reproduces the temperature dependence of the
experimental signal relative to the edges of the sample holder (dotted lines). Two additional peaks centred at −1.6 cm and
3.3 cm appear only in the experimental data below about 100 K. These peaks are most-likely due to spatial inhomogeneity of
the FR-4 material used to build the sample holder.
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FIG. S4. Preparation of the RuO2 resistor with extremely low magnetic signal. (a) Photo (front and back) of a
pristine 0.5 mm × 1 mm surface-mount thick-film RuO2 resistor of 1.8 kΩ (KOA, RK73K1EJ). (b) Resistor with the contact
pads mechanically removed and (c) mounted on the glass epoxy sample holder with GE varnish. Ag epoxy is used to provide
electrical contact with two copper wires of diameter 0.12 mm. The scale bar applies to all the photos. (d) The magnetic signal of
the resistor (blue) is greatly reduced after the removal of the contact pads (red). The measurements are performed at T = 4 K
and Bext = 1 T. (e) The magnetic signal from the RuO2 resistor after removal of the contact pads is extremely low in the whole
explored temperature range, accounting for less than 1 % of the magnetic signals reported in Fig. 4 of the main text.
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FIG. S5. Broad-range SQUID signal due to localised heating. SQUID signal of the glass epoxy sample holder at
T = 30 K, Bext = 1 T. When a current of 10 mA (producing 190 mW) is supplied to a RuO2 resistor positioned at about
x = 3 cm, a radical change of the signal is observed. The positive-to-negative change in SQUID response determines the
diamagnetic-like signal, arising from local heating of the sample holder. The response is independent of the sign of the current,
as expected from an effect dictated by Joule heating. The vertical dotted lines indicate the edges of the sample-holder as in
Fig. S3.
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FIG. S6. Localised heating effects at different temperatures. This figure is an extension of the data presented in Fig. 4 of
the main text. (a) to (d) experimental signal of the FR-4 holder locally heated with a resistor. At all the selected temperatures,
the diamagnetic-like signal becomes stronger with increasing electric power from 0 to 190 mW. (e) to (h) numerical calculations
for the locally-heated FR-4 material as a function of ∆T from 0 to 20 K and different selected base temperatures. (i) and (j)
show the “magnetic moment” extracted from the data in the left columns. The striking similarity between the experimental
and calculated data supports localised heating to be the origin of the diamagnetic-like signal.
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FIG. S7. Implications of the present findings on the current-induced magnetic signals of Ca2RuO4. (a) Magnetic
moment of Ca2RuO4 measured with the FR-4 sample holder with the copper strip. A strong diamagnetic-like signal appears
at low temperature with applied current. This data is comparable to the one published in [Sow et al., Science 358 1084 (2017)],
with the difference that here the temperature is measured with the refrigerator thermometer. (b) Diamagnetic-like response
from the locally heated FR-4 presented in Fig. 4 of the main text. (c) Ca2RuO4 measured with applied current by using the
straw sample holder. In all panels, the actual sample temperature may differ significantly from the refrigerator temperature.
In panel (c), this is more significant since the straw sample holder without copper provides poorer sample cooling then the
holder used in (a). Hence, the measurements of panel (c) have only preliminary character. Nonetheless, they show that the
diamagnetic-like signal measured in (a) mostly disappears upon changing the sample holder.
